ALTHOUGH the response of the human heart to exercise has been studied extensively, little information is available on the effects of utterly exhaustive exercise on cardiac performance in man. Marathon running is growing in popularity, however, and thousands of runners, more or less well trained, are taking part in various ultramarathon races (i.e., distances greater than the marathon) all over the world each year. It is well recognized that ultramarathon running is not without risk. In addition to casualties caused by exhaustion, heat stroke, renal failure, and sudden cardiac death," repeated hemoptysis and pulmonary edema due to left ventricular failure has been reported in two welltrained athletes during a 90 km run.5 However, subsequent clinical investigations in these athletes, including cardiac catheterization, revealed no apparent cardiac abnormalities, and it was postulated that some as yet unknown factor (or factors) could lie behind these observations. We had a unique opportunity to make echocardiographic and biochemical measurements on welltrained ultramarathon runners in connection with a competitive 24 hr run. Our results indicate a deleterious effect of such severe prolonged exercise on left ventricular performance.
ALTHOUGH the response of the human heart to exercise has been studied extensively, little information is available on the effects of utterly exhaustive exercise on cardiac performance in man. Marathon running is growing in popularity, however, and thousands of runners, more or less well trained, are taking part in various ultramarathon races (i.e., distances greater than the marathon) all over the world each year. It is well recognized that ultramarathon running is not without risk. In addition to casualties caused by exhaustion, heat stroke, renal failure, and sudden cardiac death," repeated hemoptysis and pulmonary edema due to left ventricular failure has been reported in two welltrained athletes during a 90 km run.5 However, subsequent clinical investigations in these athletes, including cardiac catheterization, revealed no apparent cardiac abnormalities, and it was postulated that some as yet unknown factor (or factors) could lie behind these observations.
We had a unique opportunity to make echocardiographic and biochemical measurements on welltrained ultramarathon runners in connection with a competitive 24 hr run. Our results indicate a deleterious effect of such severe prolonged exercise on left ventricular performance.
Methods
Subjects. Thirteen healthy male marathon runners 23 to 54 years old who took part in a competitive 24 hr run in August 1983 volunteered as subjects for this study. All of them were experienced endurance athletes, having participated in many marathon and ultramarathon races. The subjects were placed among the best 15 runners in the race (table 1) . Each athlete had been training for several years. The training program involved mainly aerobic endurance running ("slow long distance"), ranging from 400 to 1000 km monthly.
A high-quality echocardiogram was obtained from each subject before the race and on its completion. The interval between the end of the race and recording of data varied to some extent because we used only one set of echocardiographic equipment.
It was c-z5 min in eight athletes (three echocardiograms were recorded during the last half hour of the race, after which the men kept running to complete the race) and 6 to 25 min in five (Nos. 4, 9, 6, 12, and I). Seven athletes volunteered for addi- 
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The final place of each athlete is given in parentheses. Body weight, heart rate, and blood pressure were significantly altered (p < .005) after the race.
ASubject 8 retired after 17 hr, subject 10 after 22 hr 15 min, and subject 13 after 14 hr. BNational record.
tional echocardiographic measurements, which were made after about 16 to 18 hr of running and during recovery 2 to 3 days afterwards. During the breaks the interval between stopping the run and data collection was <5 min, whereas it was somewhat longer afterwards (subjects 1, 4, 9, and 12). Blood samples were obtained from those seven athletes volunteering for additional echocardiographic studies plus one before and during the race (at 6 hr intervals) and during recovery (1, 2, and 6 days afterwards). Each athlete was weighed without clothing before and immediately after the race, blood pressure was taken with a sphygmomanometer simultaneously with the echocardiogram, and a standard 12-lead electrocardiogram was recored with the athlete in a supine position. A continuous Holter recording was obtained in one athlete (No. 1) during the 24 hr of the race.
Conditions. The athletes ran for 24 hr on a 400 m Novotan track in cool weather, starting at 6 P.M. The temperature ranged from 70 to 150 C, the sky was clear, humidity was from 50% to 60%, and the wind speed was from 1 to 7 m/sec. The athletes were allowed to choose their own speed and the number and duration of their breaks during the race. They usually kept running at a speed of 8 to 12 km/hr. Liberal fluid intake facilities were provided. The athletes drank mainly water and glucose solution (25 g/liter) containing natrium (9.9 mmol/liter), calcium (9.9 mmol/liter), potassium ( used for each recording. The echocardiograms were calibrated and digitized with a desk-top computer. To minimize the respiratory effect on the measurements, the reported values were expressed as means of at least five representative cardiac cycles or as means of up to 10 consecutive cardiac cycles if any variation in left ventricular dimensions was seen. All measurements were performed by the same investigator.
The left ventricular end-diastolic dimension (EDD), the posterior wall thickness, and the interventricular septal thickness were measured at the onset of the Q wave of the electrocardiogram, whereas the end-systolic dimension (ESD) was defined as the smallest left ventricular diameter. The stroke dimension was defined as the difference between the EDD and ESD. Fractional shortening was defined as (EDD -ESD) x 100/EDD, and mean velocity of circumferential fiber shortening (mean Vcf) as (EDD -ESD)/EDD divided by the left ventricular ejection time, which was measured from a simultaneously recorded carotid pulse tracing. The left ventricular relative wall thickness (radius to thickness ratio; R/Th) was determined as (EDD/2)/ Th, where Th is the posterior wall thickness. The product of systolic blood pressure and R/Th was used as an index of peak systolic wall stress (P.R/Th).5 The systolic blood pressure/ ESD ratio was used as a noninvasive index of myocardial contractility.9
Blood samples. Venous blood drawn from the forearm was stored in ice, centrifuged within 30 31 The lower R/Th observed in this study was most likely a result of lower systolic blood pressure, since this ratio can be altered by changes in systolic blood pressure. 32 End-systolic fiber length appears to be a direct function of afterload.9 33 34 37 The observation that left ventricular function appeared to become somewhat more depressed during the last 6 to 8 hr of the race, together with the negative correlation between mean Vcf and the distance completed (r = -.69; p < .01), may suggest a direct association between altered left ventricular performance and the intensity of exercise. The changes in the ejection phase indexes, however, may well have been influenced by altered preload and afterload, as noted above. Depressed left ventricular function nevertheless appeared to be reversible, as observed during recovery 2 to 3 days after the race. The mechanism behind altered left ventricular function remains to be established. Elevated plasma free fatty acids together with reduced cardiac glycogen subsequent to prolonged exercise38 39 have been postulated to result in impaired myocardial performance5 38 However, the fourfold increase in free fatty acids in this study was apparently too low to be responsible for the altered left ventricular function.
To minimize test-to-test variation in the serial echocardiographic studies, strictly standard techniques from our laboratory were used and care was taken to use the same positions for the transducer and athlete in the serial recordings. The minimal variation in EDD before the race and during recovery, despite the different conditions, suggests in part that these findings were probably not influenced by test-to-test variation. In addition, the echocardiographic examination appears to be exceptionally successful in athletes in our experience. Geometrical error was unlikely because of symmetrical wall motion. The inevitable slight variation in the interval between the echocardiographic recording and the end of the race in some athletes did not seem to affect our results.
The more than 100-fold elevation in total creatine kinase, clearly exceeding the values reported after a classic marathon,40 41 
